N owadays obesity has achieved a status of a pandemic disease, which is associated with a variety of metabolic disorders, such as dyslipidemia, insulin resistance, oxidative stress and inflammation. These are the main factors that cause the development of type 2 diabetes. Chronic high fat diet hypernutrition, rich in saturated fatty acids, stimulate intracellular pathways, leading to oxidative stress through multiple biochemical mechanisms, such as superoxide generation from NADPH oxidases, oxidative phosphorylation, glyceraldehyde autoxidation, activation of polyol and hexosamine pathways [1] . Fat accumulation increases NADPH oxidases' activity, thus triggering the development of oxidative stress in adipocytes that lead to increased reactive oxygen species (ROS) production [2] . Recently, it was shown that the high fat diet-induced obesity also correlates with mitochondrial dysfunction and increased oxidative stress in the liver [3] . The generated ROS directly interact with proteins or may react with carbohydrates and lipids thus, producing the reactive carbonyl species, which can subsequently interact with proteins [4] . Irreversible protein carbonylation results not only in enzyme inactivation but also in initiation of several signaling pathways, launching a cascade of NF-kB activation that leads to the development of IR [5] . An increase in protein oxidation is associated with dyslipidemia [6] . The systemic and cellular dyslipidemia is postulated to play a critical role in the development of diet-induced insulin resistance [7] .
The effect of N-stearoylethanolamine (NSe) on liver free fatty acid composition, cholesterol content and carbonylated protein level in rats with obesity-induced insulin resistance (IR) was studied in the work. The experimental insulin resistance was induced by prolonged high fat diet (58% of energy derived from fat) for 6 months combined with one injection of low-dose (15 mg/kg) of streptozotocin. The lipid assay showed a rise in liver free cholesterol content and a significant reduction in cholesterol esters level. Analyzing liver fatty acid composition, a decrease in polyunsaturated of fatty acid (pUFa) level and an increase in monounsaturated fatty acid (MUFa) content was found. Fatty acid imbalance with high content of MUFa was associated with elevated level of protein carbonylation. The NSe administration (50 mg/kg of body weight) for 2 weeks decreased free cholesterol content, increased cholesterol esters level and reduced free oleic fatty acid content in the liver of rats with IR. The effect of NSe on lipid imbalance led to a decrease in protein carbonylation level that may result in improvement of transmembrane protein function under obesity-induced insulin resistance state. ke y w o r d s: N-stearoylethanolamine, cholesterol content, free fatty acid composition, protein carbonylation, liver, obesity, experimental insulin resistance.
N owadays obesity has achieved a status of a pandemic disease, which is associated with a variety of metabolic disorders, such as dyslipidemia, insulin resistance, oxidative stress and inflammation. These are the main factors that cause the development of type 2 diabetes. Chronic high fat diet hypernutrition, rich in saturated fatty acids, stimulate intracellular pathways, leading to oxidative stress through multiple biochemical mechanisms, such as superoxide generation from NADPH oxidases, oxidative phosphorylation, glyceraldehyde autoxidation, activation of polyol and hexosamine pathways [1] . Fat accumulation increases NADPH oxidases' activity, thus triggering the development of oxidative stress in adipocytes that lead to increased reactive oxygen species (ROS) production [2] . Recently, it was shown that the high fat diet-induced obesity also correlates with mitochondrial dysfunction and increased oxidative stress in the liver [3] . The generated ROS directly interact with proteins or may react with carbohydrates and lipids thus, producing the reactive carbonyl species, which can subsequently interact with proteins [4] . Irreversible protein carbonylation results not only in enzyme inactivation but also in initiation of several signaling pathways, launching a cascade of NF-kB activation that leads to the development of IR [5] . An increase in protein oxidation is associated with dyslipidemia [6] . The systemic and cellular dyslipidemia is postulated to play a critical role in the development of diet-induced insulin resistance [7] .
Recently discovered compounds N-acylethanolamines (NAE) belong to endocannabinoid system and play an important role in adaptation process, modulating neuroendocrine and behavioral responses to stress, pro-/antioxidant balance and lipid metabolism in different tissues under different pathologies. Until now, all research was focused on the investigation of unsaturated NAEs, primarily anandamid (N-arachidonoylethanolamine). Nevertheless, it was shown that one of the biggest disadvantages of anandamid application was its addiction. The biological effects of saturated N-stearoylethanolamine (NSE) are not widely studied; however, it is known that saturated NAE are at relatively high levels under pathological conditions compared to other NAEs that may be due to their leading role in corrective processes. Earlier our research group has shown the membrane stabilizing and protective effect of NSE, affecting saturated/unsaturated fatty acids ratio and cholesterol content [8, 9] . In addition, in previous work the anti-oxidative effect of NSE via the decrease of lipid peroxidation products and activation of antioxidant enzymes in the rat liver with high fat diet (HFD)-induced insulin resistance was found [10] .
Taking into account the role of dyslipidemia in enhancing protein peroxidation level and its relation to the insulin signaling impairment, the aim of our research was to study the influence of NSE on the lipid profile (cholesterol contents, fatty acid composition) and the level of protein peroxidation products in the liver of rats with HFD-induced IR.
materials and methods
animal model. The experiment was conducted with Sprague-Dawley male rats (200-220 g), and performed in accordance with the institution's guide for the care and use of laboratory animals. The animals were housed in standard cages with free access to food and water.
The experimental IR was induced in rats by prolonged HFD (58% fat : 23% proteins : 10% carbohydrates) for 6 months combined with one low-dose injection of streptozotocin (15 mg/kg of body weight) at the end of the experiment to cause initial β-cell dysfunction, that was described in our previous work [10] . The amount of lipids was increased by adding some lard with a high level of palmitic (24% of total fatty acids) and stearic (28% of total acids) acids to the normal diet. Interesting to submit that cholesterol content of lard was not at a high level (0.57 mg/g of lard). The assay of HFD fatty acid composition showed the ratio of saturated/unsaturated fatty acid 55/45 (%) respectively. Control rats during the experiment were on normal pellet diet (4% fat : 23% proteins : 65% carbohydrates) with saturated/unsaturated fatty acid ratio -38/62 (%). Throughout HFD the rats were gradually gaining the weight and on the 24 week of the experiment the average weight was 400-420 g in comparison with control rats of 330-350 g.
Two weeks after the streptozotocin (STZ) injection, the oral glucose tolerance test was conducted [10] . According to the results, the rats with impaired glucose tolerance (the level of blood glucose within 150 min after the oral glucose administration was higher than 5 mM) were selected and divided into 2 groups: "IR" (n = 9) and "IR+NSE" (n = 10). The water suspension of NSE was orally administrated at a dose of 50 mg•kg -1 of body weight for 2 weeks to the rats from "IR+NSE" group. The control rats were divided into the group of "Control" and the group of "NSE" rats; the water suspension of NSE was orally administrated (50 mg•kg -1 of body weight) for 2 weeks to the animals from "NSE" group. This particular NSE dose has been chosen as the optimal reacting dose for biological effect investigations. Schmid H. H. et al. discovered earlier the exact concentration of NSE during the experiment of dog coronary artery occlusion [11] .
The confirmation of the IR existence was based on the results of glucose and insulin plasma content assays that are provided below in Fig. 1 .
At the end of the experimental period, the rats were decapitated under Nembutal anesthesia. The liver was immediately taken and frozen at -80 °C until analysis.
The liver tissue was homogenized in physiological saline solution, 0.5 ml of 10% homogenate was taken for protein oxidation products investigation and the rest of it was taken for lipid content assay.
protein carbonylation. The liver levels of oxidized proteins were measured using 2,4-dinitrophenylhydrazine (DNPH) [12, 13] . A sample (1-1.5 mg protein/ml) was divided into two 1-ml portions, a "Test" and a "Blank". The samples were precipitated with 10% trichloroacetic acid (final concentration). The samples were treated with an equal volume of 0.2% DNPH in 2 M HCl. To the Blank portions 2 M HCl alone was added. The samples were incubated at room temperature in the dark for 1 h, vortexing every 10 min, after that they were centrifuged for 15-20 min at 3000 g. The sediments were subsequently washed 3 times with ethanol-ethyl acetate (l : l, by vol.). The pellets were carefully drained and dissolved in 3 ml of 8 M carbamide, and then the samples were incubated for 5 min at 100 °С. Insoluble debris was removed by centrifugation at 6000 g at 4 °C. The reactive carbonyl content was calculated from its peak absorption of 365 nm using a molar absorption coefficient 21.0 mM
. The concentration of total protein was measured by Bradford method [14] .
Cholesterol and fatty acid profile determination. Total lipids of the liver were extracted and purified using the Bligh and Dyer methods [15] . Lipid екСпериментальні роботи fractions were separated by thin-layer chromatography using a solvent system of hexane/diethyl ether/ acetic acid (85:15:1, by vol.) cholesterol and stearic acid as standards. Fatty acid methyl esters were prepared by the modified method of Correau and Dubaco [16] and analyzed by gas-liquid chromatography. A Carlo Erba HRGC 5300 gas chromatograph (Italy) with flame ionization detector equipped with a glass packed column (length -3.5 m, internal diameter -3 mm), completed with 10% SP-2300 phase (Silar 5CP) on "Chromosorb W/HP" was used to separate fatty acid methyl esters (FAMEs). The temperature was programmed from 140 to 250 °C at 2 °C/min with a final hold. The FAMEs were identified by comparison of their retention times with those of individual purified standards (Sigma, USA; Serva, Germany). The level of individual fatty acids was quantified as a percentage of the total content.
The cholesterol fraction was taken and eluted by 3 ml of diethyl ether. After evaporation of the solvent, the dry residue was assayed by gas-liquid chromatography on a glass column (0.5 m) packed with 1.5% OV-1 on 80-100 mesh "Chimalite", and the instrument was operated at 250 °C. The concentration of cholesterol was calculated in each sample by difference between obtained peak areas of the sample and the purified cholesterol standard.
Estimated ∆9-, ∆6-, ∆5-desaturase activities. The fatty acid desaturase (D) activities were estimated, using product-to-precursor indexes: ∆9-D as oleinic/stearic acids, ∆6-D as linolenic/linoleic acids, ∆5-D as arachidonic/linolenic, arachidonic/eicosatrienoic acids ratio [17] .
Statistical analysis. The data, presented as mean values ± standard errors of the means (SEM), were compared using the Student's unpaired t-test. The differences were considered significant at p < 0.05.
results and discussion
The cholesterol determination showed significant increase in free liver cholesterol content (Fig. 2 ) from rats with alimentary obesity-induced IR compared with control group, whereas the cholesterol esters level was substantially reduced. The correlation between the increased liver free cholesterol level and the development of steatohepatitis was demonstrated earlier by Van Rooyen et al. in obese and mice with IR (HF-fed Foz/foz and wild type (WT)). Furthermore, high plasma insulin circulation can lead to prolonged, intense nonphysiological expression of the hepatic free cholesterol uptake transporter, lowdensity lipoprotein receptor and down-regulated cholesterol biotransformation in the liver [18] . The decreased level of cholesterol esters content may be associated with deficiency of lecithin:cholesterol acyl transferase (LCAT), a key enzyme that catalyzes the free cholesterol esterification. Taking into account that in our experiment, we did not overload rats with dietary cholesterol, the high accumulation of free cholesterol content and low level of esterified cholesterol may be associated with impaired mechanisms of its turnover. The NSE administration contributed to a decrease in free cholesterol content, simultaneously increasing cholesterol esters level in the liver of the rats with IR (Fig. 2) that showed the induction of esterification processes. As it was written earlier LCAT is the main enzyme, which catalyzes esterification of free cholesterol, thus we suggested the possibility of its up-regulation under NSE action. The LCAT plays a critical role in high-density lipoprotein (HDL) metabolism, markedly increasing HDL cholesterol content and lowering proatherogenic apoB-containing lipoproteins level [19] .Thus, we suggest that compensatory effect of NSE on cholesterol ratio could be one of the possible protective mechanisms on liver tissue under HFD-induced IR.
The investigation of free fatty acid (FA) content in the liver of rats with obesity-induced IR demonstrated no differences in the total saturated and unsaturated fatty acid (accordingly SAFA and USFA) contents. However, the assay of the USFA composition in the liver of rats with IR (Fig. 3) showed a statistically significant increase in monounsaturated fatty acid (MUFA) level over that in the control group. This change was due to considerable increase in 18:1w9 level ( Table 1) that may be associated with the increase in Δ9-desaturase estimated activity (Tab le 2). It is widely known that stearoyl-CoA-desaturase-1 (SCD-1) plays an important role in mediating the development of obesity and insulin resistance. In several studies it was found that a decrease in liver SCD-1 activity resulted on the one hand in the enhancing of protein kinase B phosphorylation, decrease in the expression of glucose-6-phosphatase, phosphoenolpyruvate carboxykinase [20] . On the other hand SCD-1 deficiency related to activation of lipid oxidation in addition to reduced triglyceride synthesis and storage [21] . Thus, down-regulation of SCD-1 can prevent the progression of adiposity and diet-induced hepatic insulin resistance in rats and mice. Recent studies have shown the positive effect of oral NSE administration on down-regulation of hepatic SCD-1 expression (male balb/c mice) [22] . The NSE administration to group of rats with IR resulted in a tendency to reduce hepatic Δ9-desaturase estimated activity (Table 2 ) and a statistically significant decrease in 18:1w9 level under NSE action (Table 1). The decrease in 18:1w9 content contributed to the reduction of general hepatic MUFA level from "IR+NSE" group compared with "IR" (Fig. 3) .
In our study, we have found no considerable change in the dienoic fatty acid (DUFA) content in all experimental groups. However, the total con- (Table 1) with a simultaneous decrease in estimated activity of Δ5-desaturase (Table 2) . This was possibly due to 20:4w6 redistribution of the content between lipid fractions in the lipid imbalance case. Namely, in our previous study we showed the enhanced content of PUFA (20:4w6) in liver phospholipids from rats with IR that suggested involvement of PUFA in de novo phospholipid synthesis [23] . Earlier in clinical studies it was shown that free 20:4w6 was decreased significantly in patients with liver disease [24] . Low levels of 20:4w6 can, therefore, be associated with extensive liver impairment. In addition, recent data showed the depletion of long PUFA in fatty livers that inversely related to hepatic SCD-1 activity index and liver fat content [25] . This was consistent with the ability of PUFA to suppress expression of sterol regulatory element -binding protein (SREBP1c), SCD-1 and activate genes involved in hepatic fatty acid oxidation.
Fig. 2. liver cholesterol and cholesterol esters content (µg/g tissue) in control and hFd rats. Values represented mean ± SeM. Values in "control» (n = 6), "NSe" (n=6), "IR" (n = 9), "IR+NSe" (n = 10
The effect of NSE on the increase in 20:4w6 content could be the consequence of its compensatory influence on lipid imbalance. Earlier we have shown that NSE administration to rats with IR decreased the 20:4w6 acid level in phospholipid composition over "IR" group [23] . Thus, the increased content of free 20:4w6 acid in the liver was due to its redistribution between lipid fractions under NSE action, normalizing the PUFA ratio. Another pathway of NSE action is thought to down-regulate the SCD-1 estimated activi ty that is to highly correlate with free PUFA content.
It is widely known that alongside with intracellular lipid imbalance, obesity-induced high FFA influx leads to increased generation of ROS, thus triggering the development of oxidative stress [26] . In this study, we have shown the depletion of PUFA that was associated with the liver oxidative stress [27] . Moreover, recently it was investigated that MUFAs were the targets for membrane lipid oxidation and their relevance in aldehyde generation [28] . Therefore, one of the main reasons of the high protein oxidation level (Fig. 4) in rats' liver was the increased content of MUFA under obesity-induced IR.
The presence of carbonyl groups in proteins may be considered as important markers of oxidative stress under the metabolic syndrome. Proteins are the principal target of ROS because they are present in high concentrations in biological systems and remove 50-75% of the generated ROS [29] . Oxidative damage of proteins is induced directly by ROS and indirectly by lipid peroxides that are initiated by oxidation of unsaturated lipid chains. It is interesting Values represented mean ± SEM. * p < 0.05 compared to the rats of "Control" group; # p < 0.05 compared to the "IR" group; @ p < 0.05 compared to the "NSE" group to submit that irreversible protein carbonylation initiates a down-regulation of key mitochondrialencoded proteins and transcription factors regulating mitochondrial biogenesis, thus leading to the develop ment of insulin resistance [30] . Previously, in mice muscles an elevated level of TBA-reactive products and an increase of trans-4-hydroxy-2-nonenal (4-NHE)-modified IRS-1 was observed [31] . These changes of protein structure may lead to the decrease in tyrosin phosphorylation, PI3k activation, thus triggering the impairment of insulin signaling transduction.
The NSE administration caused the statistically significant reduction in the level of oxidative modification products of hepatic protein in rats with IR (Fig. 4) . This may be the confirmation of insulin signaling improvement in the liver and, therefore, normalization of glucose tolerance and insulin sensitivi ty in rats under HFD-induced IR. The effect of NSE on protein carbonylation may be associated with its anti-inflammatory action, which was shown in our previous study by restoring pro-/anti-oxidative balan ce in the liver of rats with IR [10] . Therefore, our results indicated that NSE administration to the rats with obesity-induced IR contributed to the decrease in free cholesterol content and significant increase in cholesterol esters level. Under NSE action, the 20:4 acid level was increased and 18:1 acid level was decreased that may be associated with the influence of NSE on the desaturases activity. A significant reduction in protein carbonylation was observed as a result of compensatory effect of NSE on the lipid imbalance. Thus, a decrease of NSE effect on protein damage in the rat liver under obesity-induced IR may lead to the improvement of transmembrane protein function. В роботі було досліджено вплив N-стеароїлетаноламіну на склад вільних жирних кислот, вміст холестеролу та рівень карбонільованих протеїнів у печінці щурів з екс-периментальною інсулінорезистентністю (ір). розвиток ір спричинювали шляхом довготри-валого жирового навантаження (вміст ліпідів 58% від загального раціону) в комбінації з од-норазовою ін'єкцією стрептозотоцину (15 мг/ кг маси тіла). результати ліпідного аналізу по-казали зростання вмісту вільного та істотне зниження естерифікованого холестеролу в печінці щурів за ожиріння. Виявлено зниження рівня поліненасичених жирних кислот, значне збільшення мононенасичених жирних кислот. також показано зростання вмісту протеїнових карбонілів внаслідок дисбалансу ліпідного скла-ду печінки в умовах аліментарного ожиріння. Введення NSE (50 мг/кг маси тіла) протягом двох тижнів сприяло зниженню вмісту вільного холестеролу, зростанню його естерифікованої фракції та зменшенню вмісту олеїнової кис-лоти в печінці щурів з ір. Виявлено зниження вмісту продуктів окисної модифікації протеїнів у печінці щурів за дії NSE, що може мати по-зитивний вплив на функціональну активність трансмембранних протеїнів за ір, індукованої ожирінням. к л ю ч о в і с л о в а: N-стеароїлетаноламін, холестерол, склад вільних жирних кислот, карбонілювання протеїнів, печінка, ожиріння, екс периментальна інсулінорезистентність. В работе исследовано влияние N-стеароилэтаноламина на состав свободных жирных кислот, содержание холестерина и уро-вень карбонилированных протеинов в печени крыс с экспериментальной инсулинорезистент-ностью (ир). ир вызывали у крыс путем дли-тельной жировой нагрузки (содержание липидов 58% от рациона) в комбинации с однократной инъекцией стрептозотоцина (15 мг/кг массы тела). результаты липидного анализа показали увеличение уровня свободного холестерола и значительное снижение этерифицированного холестерола в печени крыс с ожирением. обна-ружено снижение уровня полиненасыщенных и увеличение содержания мононенасыщенных жирных кислот. также показано увеличение количества протеиновых карбонилов в пече-ни крыс как следствие липидного дисбаланса в условиях развития алиментарного ожирения. Введение N-стеароилэтаноламина (50 мг/кг мас-сы тела в течении двух недель) способствовало снижению содержания свободного холестерола, увеличению его этерифицированной фракции и снижению уровня олеиновой кислоты в печени крыс с ир. показано снижение содержания про-дуктов окислительной модификации протеинов в печени крыс при действии NSE, что может оказывать положительное влияние на функцио-нальную активность трансмембранных протеи-нов при ир, индуцированной ожирением. к л ю ч е в ы е с л о в а: N-стеароил-этаноламин, холестерол, состав свободных жирных кислот, карбонилирование протеинов, печень, ожирение, экспериментальная инсули-норезистентность.
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